Freshwater Lake Ulubat (z mean = 1.5-2.0 m and Area = ~138 km 2 ), NW Anatolia, Turkey was filled in by fine-to-medium-grain silts during the late Holocene. Deposition in Lake Ulubat has been 1.6 cm yr -1 for the last 50 years, but the sedimentation rate over the last ~1,600 years was lower (0.37 mm yr -1 ). The organic matter and carbonate contents of the infill show cyclic changes that reflect environmental fluctuations. The silt-dominated lithology and the vertically uniform heavy metal distributions are probably due to wind-controlled sedimentation in the lake.
Introduction
Lake Ulubat (Apolyont or Uluabat) is a shallow, partly polluted, fresh-water body in northwest Anatolia, Turkey (Fig. 1 ). Presently this lake is an important recreational area for the town of Bursa, which is the largest settlement in the region (Fig. 1) . Water discharged from the lake outlet is crucial for both agriculture and domestic use in the southern Marmara region.
Monitoring of rivers over the last 50 years indicates that large quantities of sediment and pollutants, mostly heavy metals, have been transported to Lake Ulubat (EIE 1996 (EIE , 2000 (EIE , 2003 .
In short, the lake water has been affected by natural and anthropogenic activities. Recent studies, however, show that Lake Ulubat is oligotrophic despite sediment infilling and pollution Çelenli 2000) . Understanding how the lake has maintained its oligotrophic condition could provide new insights for palaeolimnological reconstructions and for land-use planning of downstream areas.
The heavy metals discussed in this study, Ba, Cd, Co, Cu, Fe, Hg, Mn, Ni, Pb, Sr, are generally found in lake sediment as trace elements. Very small amounts are required by living organisms, particularly mammals. Except for Fe, high doses are toxic and these elements are therefore considered pollutants (Ek and Renberg 2001) . In modern environments they come, sometimes in large quantities, from industrial or other anthropogenic sources (Larsen 2000; Çiçek and Koparal 2004; Blake et al. 2007) . Heavy metals are rare in the earth's crust, although they are more abundant in magmatic and metamorphic rocks than in sedimentary ones; hence they can recycle naturally from source rocks by weathering (Boyle 2001) . So, in some cases, heavy metals in sedimentary rocks are used as tools for provenance studies (Engstrom and Wright 1984; Bilali et al. 2002) . They can be found as cations or elements in both water and fine sediments, and also in heavy minerals like ilmenite, rutile and zircon in sandy sediment (e.g. in alluvium or sand dunes), or as trace elements in minerals (e.g. Cu in colemanite). Lakes, open or closed, are unique environments for heavy metals to accumulate within fine-grained sediments. This accumulation is controlled by factors such as climate, limnological characteristics, the presence and amount of organic matter and type of source rocks (Last and Smol 2001; Hoffman et al. 2005 ). There has been, however, no demonstrated direct relation between climate and the accumulation of heavy metals. It is possible that local properties, acting individually or together, e.g. water level oscillations, wind stress, or water depth, have reduced the role of climate on heavy metal deposition in lakes. Establishing the role of wind on the deposition of metal ions in lacustrine records could be very useful for both reconstructing palaeo-environments and managing water reservoirs. Some models of heavy metal deposition in shallow lakes show that metal accumulation is controlled predominantly by circulation of the lake water (Blom et al.1992; Mian and Yanful 2004) . The southern Marmara region, which includes the study site, is one of the windiest areas of Turkey, hence it has a large wind-energy potential (Dündar et al. 2002) . Moreover, short and long-term climatic changes, especially dry and wet periods in this region during the last millennia, are relatively well known from historical, archaeological and paleolimnological studies (Kuniholm 1990; Vermoere et al. 2002) .
This study presents the heavy metal content of Lake Ulubat and explores the factors that control the elemental composition of the lake sediment. It also addresses the possible link between sediment and metal deposition rate and wind. For this study, both the sediment (modern and ancient) and the water of Lake Ulubat were studied (Fig. 2) . In addition, water circulation in the lake was simulated by tank experiments. Lake Ulubat is suitable for such a study, as the environmental characteristics of this lake and possible sources of pollutants are known from previous studies (Çelenli 2000; Toprak 2004; Turgut 2005; Dalkıran et al. 2006) . The late Holocene erosion and the morphological evolution of this region have been interpreted based on sedimentation rates and modern sediment loads in Lakes Ulubat and Manyas (the latter is a few km west of L. Ulubat), and in the shelf of the Marmara Sea (Kazancı et al. 2004; . Moreover, pollen assemblages within sediment sequences of the same lakes have been used to study the past vegetation and climate of the area Leroy et al. 2002) . Lastly, understanding pollutant behaviours, e.g. the sinking and the remobilisation of heavy metals, is an increasingly important topic in the planning of lake rehabilitation and protection of aquatic environments.
Geologic and geographic setting
The northwest Anatolian region of Turkey comprises the whole southern Marmara region known as the "Susurluk Drainage Basin" (SDB) (Fig. 1B) . It has a fresh morphology with some high topography due to neotectonism since the Neogene. Lake Ulubat is located on the eastern side of a large W-E tectonic depression formed at the transition of the transform North Anatolian Fault (NAF) zone and the extensional tectonic regime of western Anatolia (Emre et al. 1997a (Emre et al. , 1998 ( Fig. 1A) . This Manyas-Karacabey depression is tilted towards the east where Lake Ulubat is found, and it controls the drainage of an important part of the SDB (Fig. 1) . The geological origin of this lake is still uncertain, but it is thought that it began with the damming of a meandering stream system, possibly during a period of mid-Holocene sea level increase (Emre et al. 1997b; Leroy et al. 2002) .
The stratigraphy of the SDB is fairly complex, and various rocks are exposed (Yilmaz et al. 1990; Okay et al. 1991; Görür et al. 1995) . Volcanics, clastic sedimentary rocks, clayey limestones and evaporites of Late Tertiary age and, to a lesser extent, older metamorphic rocks outcrop in the higher parts of this region (Yalçınkaya and Avşar 1980; Görür et al. 1995) .
However, collated borehole data have established that the lake is partly surrounded by large areas of Holocene alluvial deposits and by Pleistocene fluviatiles in the lower parts of the drainage basin (Kazancı et al. 1997 . Lake Ulubat, however, is closely bounded by karstified limestones of Mesozoic age in the east. Sedimentary and volcani-sedimentary rocks of Neogene age, mostly Miocene, form extensive units in the drainage area. Most of the Neogene rocks in the south are composed of volcaniclastics, lacustrine limestones and intercalations of tuffs, lava flows and marl layers (Helvacı and Firman 1977; Yalçınkaya and Avşar 1980; Akyüz and Semiz 1995) . These units include the well-known borate beds of Turkey (Fig. 1) , hosted into a lacustrine succession with volcanic intercalation. They provide the heavy metal content to Lake Ulubat's sediment, owing to a well-developed river-drainage system. The famous Paşalar site of the Miocene, which has yielded hominoid bones, is also part of the SDB (Andrews 1990 ).
The main rivers of SDB are the Kocaçay River (162 km), the Simav/Susurluk River (321 km), the Emet River (278 km), the Orhaneli River (276 km) and the Nilüfer River (172 km) (Fig.   1B ). The rivers Emet and Orhaneli form the River Mustafakemalpaşa (MKP) by merging 45 km south of Lake Ulubat. The rivers Simav, Kocaçay and Nilüfer join near the town of Karacabey and form the River Kocasu just before discharging into the Sea of Marmara (Fig. 1) . Two active boron mines, one on the Emet River (Etibank Emet Bor Işletmesi), and the other on the Orhaneli River (Etibank Kestelek Bor Işletmesi), and three lignite industries on the Orhaneli River (TKİ Keles Linyit Işletmesi, TKI Tunçbilek Garb Linyitleri Işletmesi, TEAŞ Tunçbilek Thermal power plant) produce a good deal of sediment and pollutants that drain into the lake and sea (EIE 1996 (EIE , 2000 . The prominent mountains of the southern Marmara region are Uludağ (2543 m) to the north, Akdağ (2089 m) to the centre in the south, and Şaphanedağ (2120 m) to the southsoutheast (Fig. 1B,C ).
Local and regional climate
The climate of the SDB is continental in its southern part and eu-Mediterranean in the north. The local topography and the distance from the sea are a source of local climatic diversity. Based on a 70-year-long record from the meteorological station nearest to Lake Ulubat and its drainage basin (Karacabey, at the western end of L. Ulubat, Fig. 1C ), annual mean temperatures are 14.4 °C, with mean August temperatures of 24.0 °C and mean January temperatures of 5.5 °C. The annual mean precipitation is 593.9 mm, with a November mean of 103.9 mm and a July mean of 14 mm (Table 1) .
Wind has an important role in the climate of the Marmara region (Fig. 1C) . Storms occur mainly in winter and spring. The northeasterly cool wind (Poyraz in Turkish) has a much greater effect (from December until April) upon the regional weather than does the southwesterly mild wind (Lodos in Turkish), which blows generally from April to June (Fig. 1C) . The cold winds form 60% of the annual winds in the region. Rain is associated with both cold and mild winds.
The mean, median and maximum wind speeds at 10 m above ground surface are 2.7, 4.4 and 17.0 m/s, respectively (Koçman 1993; Özdemir and Kırmızıgül 1997) . The western part of the Karacabey-Manyas depression, however, is relatively windier. The mean speeds of weak, medium-strength and strong winds in this area are 4, 8 and 25 m/s, respectively. Winds from 30º NE accounted for 60% of the winds in a year, according to the records of the Bandırma (on the Marmara coast, north of Ulubat) and Karacabey meteorological stations, over the last 70 years (Özdemir and Kırmızıgül 1996) (Fig. 1C) . The maximum wind speeds in the four large towns of the region (Bursa, Bandırma, Balıkesir and Çanakkale) for the period 1975 to 2005 were 30.7, 32.8, 29.3 and 38.7 m/s, respectively (www.meteoroloji.gov.tr) . The number of stormy days with medium-strength winds in these towns is 15.2-17.3 (Dündar et al. 2002) . Local morphological features, i.e. the presence of large water surfaces (the Black Sea and the Marmara Sea) and wind passages (İstanbul Boğazı-Bosphorous, Çanakkale Boğazı-Dardanelles, particularly the Karacabey Gorge, which houses the River Kocasu and the outlet of Lake Ulubat) amplify the effects of wind, and thus this region is much windier than its surrounding areas. As a result, one of the climatic characteristics of the area is a windy winter and spring.
Lake Ulubat
Lake Ulubat has a maximum water depth of 3.5 m. The average water depth is 1.5 m in summer and 2.0 m in winter, even though the annual fluctuations of the water level have been controlled since 1990 (Fig. 3) Fig. 2) . Other islands consist of sediment deposited after the formation of the lake. The main water and sediment source of Lake Ulubat is the MKP River that has an overall drainage area of ca. 10,414 km 2 . Its mean, minimum and maximum water discharges are 64, 7.5 and 3,374 m 3 /s, respectively (EIE 2000) . The suspended sediment load of the MKP River has averaged about 1.3
x 10 6 ton yr -1 in the last 30 years, leading to a linear sedimentation rate of 1.6 cm yr -1 , established by radionuclide analyses (Kazancı et al. 2004 ).
The delta of this river rapidly progrades into the lake from the SW to the NE and it has shifted towards the southeast, probably under tectonic control (Figs. 1 and 2). In summer, the lake level falls to below the bottom of the outlet due to minimum discharge from the MKP River and extensive water pumping from the lake for agricultural use. Active boron and lignite mines, a thermal power plant, borate-bearing rocks, and some hydrothermal springs in the drainage area cause an increase in the content of boron and other heavy metal ions of the lake water (Çelenli 2000; Dalkıran et al. 2006) . Boron content and water quality of the inflow and outflow lake water have been monitored by EIE observatories (stations no 302 and 317; Figs. 1, 5).
Annual (natural) oscillations of water level are common in Lake Ulubat. Moreover, its mean water level changes by 1.5 to 2.0 m with a periodicity of 8-11 years ( Fig. 3 ). This periodic change represents the relatively dry and wet periods of the Mediterranean Anatolian climate (Özdemir and Kırmızıgül 1997) .
Methods
Because our study methods and analytical results have been detailed previously (Leroy et al. 2002; Kazancı et al. 2004 Kazancı et al. , 2006 , only a short summary is given here. Limnological characteristics of Lake Ulubat were first reported based on sampling completed in 1997.
Sampling was conducted again in 2002 and 2004 (Kazancı et al. , 2006 Toprak 2004; Turgut 2005) . The water content of the lake sediment was detected in the first survey by the stick-pushing method (Suliman 1998) . In 2002, together with studies of water chemistry, a coring campaign was conducted using 63-mm-diameter PVC pipes and a hand-pushed Livingstone piston corer (50-mm-diameter). The corers were operated from a raft, and we retrieved a suite of sediment cores in 1 m sections at eleven sites. Cores were labelled for the year of collection, "AK02." The longest core, which reached a depth of 7.8 m, was collected at the centre of the eastern basin of the lake ( cores were collected from depths of 6 to 9.7 m. That year, the cores were labeled "AK04." Just before this coring campaign, in the third week of May, the lake water was re-sampled. In order to check the heavy metal distribution in the lake, 28 water samples were collected from different parts of the lake (Fig. 2) . pH, dissolved oxygen and conductivity of the lake were also measured at sites using an OXI33OI set from the Gebze Institut of Technology, in both 2002 and 2004.
The water chemistry and the suspended sediment load of rivers in the SDB were regularly monitored by a state office (EIE). Furthermore, long-term water quality surveys of the lake outlet Loss-on-Ignition data were obtained by the combustion of 5-cm 3 sediment samples in a furnace at 550 and 950 °C. Percentages were calculated relative to the dry sediment, with organic matter, carbonate and residual ash forming 100%. The mineralogy of the sediment was determined by optical, XRD and XRF analyses. Grain-size analysis was done on samples at 7-10 cm intervals (1-2 cm intervals in AK02PVC4 [ Fig. 4B ]) using an automatic grain-size analyser with a laser (Malvern Instruments, Mastersizer model 2000) , and Griffith's (1967) terminology and description were used for statistical calculation and interpretation. The heavy metal content of the lacustrine sediments (cores AK02LV10, AK02PVC4 and surface samples) was measured by the method of AAS with a graphite furnace, using the Perkin Elmer Simaa 6000 instrument (Fig. 7) . The elements Al, Ba, Cd, Co, Cu, Fe, Hg, Mn, Ni, Pb and Sr were chosen for their abundance in parent rocks and the analytical facilities in our laboratories. For analyses, samples were first dried and ground and then treated with a series of acids: 2 ml H 2 SO 4 + 2 ml HNO 3 + 0.5 ml HF + 1 ml HCl. Later, additional samples were dissolved with the help of an ETHOS 1600 microwave. Analytical results are displayed together with organic matter and carbonate content, mean grain-size, As, and boron content (Fig. 7) . Psimpoll 4.10 was used to plot the data ( Fig. 8 ) as well as for statistical analysis (Bennett 2003) .
A tank experiment was designed to assess the wind effect on the transport of suspended sediment in standing water. This was accomplished using a plastic tank (100 x 50 x 10 cm) for water and an adjustable fan as a wave generator (air dryer; Roveling CV 4015 of Roventa). A sediment sample composed of 20% sand (125-250 µm), 40% silt (>10 µm) and 40% clay (<4 µm) was used for the experiments. This grain size distribution is not exactly the same as that in the cores, but is similar (Fig. 4) . The experiments were realized using sediment samples of 0.5 kg, 1 kg and 1.5 kg individually at different water levels (i.e. water depths of 2 cm, 4 cm and 5 cm), and hence the experiments were repeated nine times. Before testing, 100 g calgon was added to each wet sample and the samples were shaken for 12 hours to prevent flocculation. For testing, the watery sediment was poured into the tank, which was filled with water to a specified depth of 2, 4 or 5 cm. There were rectangular holes 2-cm wide and 1-cm high at these heights on the narrow side of the tank, for outflow, to simulate the outlet of Lake Ulubat. The sediment sample was left for 3 hours to permit clay-size particles to settle. Then the clean water was allowed to flow into the tank from taps, with a constant discharge of 0.02 litre/s. This is proportional to discharge of the MKP River. Next, waves were generated by the fan with a speed of 300 rpm, and they were allowed to affect the sediment surface; however, water continued to flow for 3 hours. During this time, the fan was 25 cm away from the tank and it was opearted three times for ten-minute periods in each experiment. At the end of each experiment, the grainsize of the sediment remaining in the tank was measured with a Malvern Mastersizer 2000.
The experiment was designed to show the effect of waves on the winnowing of suspended particles. Sediment concentrations, water depth and wave strength were secondary to the study.
They were chosen to generally simulate the environmental conditions of Lake Ulubat. We note that during the experiments, we did not generate regular surface waves, but instead caused the water in the tank to "vibrate." This was a limitation of the equipment, particularly the small tank size. Nevertheless, particles were suspended and transported in the "vibrated water".
Results

Heavy metals in modern lake water
Water quality and heavy metal concentrations have been measured in Lake Ulubat as part of several studies and were monitored on a monthly basis for a long time by the Directorate of State Electricity Works (EİE). Results varied depending on month, season and year (EİE 1996) . The measurements for this study were completed in July 2002 and May 2004 (Tables 2 and 3 ). The interpretation of these data with respect to water quality has been reported elsewhere (Toprak 2004; Turgut 2005 ).
The pH, dissolved oxygen (DO) and conductivity values of the modern lake water fall in the ranges 8.2-9.2, 3.8-6.5 mg/l, and 475-637 µS/cm, respectively. The HCO 3 content varies from 80 to 200 ppm. Long-term water chemistry and water discharges into the lake show that boron was the dominant element entering the lake via the Emet River, particularly in summer (EIE 1996) .
Despite the limited water discharge at that time, opencast mining is intense in the drainage area (Kazancı et al. 2006 ).
The dominant elements in the lake are Al, Fe and Ba. The range of Ba is 1.20-2.36 ppm, Al is 0.2-39 ppm, and Fe is 2-138 ppm ( Fig. 6 ). Present heavy metal concentrations indicate that Lake Ulubat falls into water class III (polluted water) and water class IV (very polluted water), according to international standards (EPA 1973) . The spatial distributions of the elements, however, are not homogenous in the lake (Fig. 6) . Cd, Pb, Ni, Cu and Mn are more abundant in the eastern basin, whilst Hg, Cr, Ba, Al, and Fe concentrations are greater in the western basin of the lake. Fe, Al and As are relatively abundant at the mouth of the MKP River (Turgut 2005) . Maps of the heavy metal distributions in the lake water and the monthly discharges into the lake show the importance of combined fluvial and melt water input (Figs. 5 and 6 ). The annual ranges of minimum and maximum values were typically large in 2002, probably due to a less windy July (Table 2 ). In addition, heavy metal concentrations are high in and around villages (e.g. Gölyazı and Ulubat) and in lacustrine areas covered by reeds, particularly in the eastern basin near the delta margins ( Figs. 2 and 6 ; Tables 2 and 3) . This is probably due to the restriction of water circulation by aquatic plants. Winds also create greater water circulation in the western basin than in the eastern basin because of the wind direction and the location of the outlet. The mean concentrations of heavy metals in the lake measured in 2004 are, however, equal to or less than those of the MKP River (Table 2 ). This may be a consequence of the lake's large outlet, which promotes rapid flushing of the lake water, i.e. short residence time. A high amount of boron in the Kocasu River outflow is recorded in July, August and September at EIE Station 317, due to intense opencast mining in summer (Fig. 5) . The deposition time, however, is not known. As noted earlier, one of the main sources of heavy metals and boron in the southern shelf of the Sea of Marmara is the outlet from Lake Ulubat (Algan et al. 2004; Çağatay et al. 2004 ).
Heavy metal concentrations in the lake water display a difference between the surface and the bottom (Tables 2 and 3 ). Values are higher in bottom waters, in some places by as much as four times. This gradient is greatest in the eastern basin where aquatic plants are abundant (Table 3) .
So far, the differences in concentration of some metals, from bottom to surface waters in Lake Ulubat (Table 3) , are not well understood.
Heavy metals in modern lake sediment
Samples taken with an Ekman-type dredge at 36 locations show that modern sediments of the lake consist of dark-coloured mud that smells of H 2 S . It contains over 60 % water. At a depth of around 30 cm, the water content of the sediment decreases to <55%, and it becomes stiff mud. The upper 45 cm of the sediment sequence is 33-45 years old according to radiometric dating (Kazancı et al. 2006) . Hence, the uppermost 10 cm can be considered very recent sediment. The top 5 cm of core AK02LV10, the uppermost 3 cm of core AK02LV12, and the top 2.5 cm of core AK02PVC4 were analyzed for metal concentrations (Table 4 ). The concentrations of metals in the top of core AK02PVC4 are slightly higher than those at the top of core AK02LV10, probably because the former is much closer to the reed-covered lake margin and to Gölyazı village (Fig. 2) . The concentration of each heavy metal in surface sediment (mg/kg) is larger than that of the lake water (mg/L) and also of the MKP River. However, metal concentrations in the surface sediments and deeper deposits are the same (Tables 2-4 ; Fig. 7 ).
The sediment sequence and its heavy metal content
Analyses of the first 7 m of Lake Ulubat's sediment infill are presented here. Radiometric dating and fossil correlation suggest that the sequence covers approximately the last 1600 years (Kazancı et al. 2006 ). Grain-size distribution, organic matter, and carbonate content of the sequences from core sections AK02PVC4/1-2 and AK02LV 10/1-11 are shown in Fig. 7 . Siltsize particles dominate. Particles become slightly coarser (15-60 µm) at greater depths in the sequence, particularly at depths of 7-6 m. The transition is not apparent visually.
The lithology of the pre-modern lacustrine sequence is typically a silty, plastic sediment with a grey colour (7.5YR 5/0 and 4/0, with slightly lighter zones of 5Y 5/1). Except for the uppermost slurry, the water content decreases toward the bottom of the sediment sequence, from 60 to 37%. Grain-size analysis indicates dominance in the range of 10-35 µm. The volumetric ratios of sand, silt and clay along the cores are 1-5, 45-80 and 25-45%, respectively, while the mean grain size is silt in every layer (Fig. 4) . Statistical grain-size parameters (standard deviation, skewness, kurtosis) calculated by Folk and Ward's (1957) formulas indicate that the whole sediments are well-sorted and very-well-sorted (σ <40 φ), and grain distributions are fairly symmetric (skewness is between +0.11 and -0.9). The size distributions of nearly all sediment samples are mesokurtic (K= 0.95-1.18), indicating a symmetric distribution of sorting. The mineralogical composition of the silt-size grains of the lake sediment mainly consists of quartz (35-85%), feldspar (10-35%) and calcite (10-30%). Clay-size particles are mainly composed of smectite (57-98%), kaolinite (6-28%) and, to a lesser extent, illite (3-20%). The volume weight or wet bulk density of the lacustrine sediment varies between 1.260 and 1.345 g cm 3 and the average is 1.304 g cm 3 .
Loss-on-Ignition (LOI) analyses at 10-cm intervals in core AK02LV10 indicate variations from 1 to 7% organic matter and 2 to 10% carbonates (Fig. 7) . The organic matter increases at depths of 6-5 m, 3-2 m and 1-0.25 m. Carbonate content increases when organic matter decreases and both are independent of grain size (Fig. 7) . The relatively high carbonate content of Lake Ulubat may come from erosion of the Mesozoic limestones in the drainage basin and from karstic springs originating in the limestone. (Kazancı et al. 2006) .
Profiles of only a few elements in the lake sediment are presented in this study. They are Al, Ba, Cu, Fe, Mn, Ni, Pb, Hg, As, and B, most of which are heavy metals and strong pollutants of the environment (EPA 1973) . The primary and/or main sources of all heavy metals in sediments are ore deposits, particularly those that are being actively mined, and industrial activities (Horowitz et al. 1995; Larsen 2000; Ek and Renberg 2001; Blake et al. 2007 ). There are mining and industrial sources in the drainage area of Lake Ulubat (two active boron mines, two active lignite mines and a thermal power plant) (Fig. 1) . In Figure 7 , the abundances of the heavy elements in sediment cores AK02LV10 and AK02PVC4 are shown. Values greatly exceed the accepted limit for flowing water and lake water (Tables 3-5 (Fig. 7) .
However, the values of As and Hg increase slightly in younger sediments, probably due to anthropogenic influences. Typically, groups of heavy metals increase or decrease together at the same levels (Fig. 7) . This is probably a consequence of element chemistry because the amount of some heavy metals is controlled by organic matter (Lin and Chen 1998; Muller et al. 2001) .
A rough relationship between grain-size and element concentration is also seen for some heavy metals within the Lake Ulubat sediment (Fig. 8) . Fe, Al, Mn, Ni and to some extent Pb are relatively high in finer sediment (Fig. 8) . In general, heavy metals increase when clay-size particles dominate in a lacustrine system (Muller et al. 2001 ). The present-day relationships among elements, sediment load and water discharge show that sediments and associated heavy metals have been transported to Lake Ulubat in suspension mainly in the summer and autumn months (Fig. 5) . The mountainous drainage area and large difference in elevation between the lake and sources (Fig. 1 ) may enable continual element transportation, even when water discharge is very low in summer months (Table 5) .
A prominent characteristic of the Lake Ulubat sediment is the high boron content, with average concentrations of 1205 and 206 ppm in sediment cores AK02LV10 and AK02PVC from the western and eastern parts of the eastern lake basin, respectively (Fig. 2) . These values greatly exceed the limit for natural aquatic environments, which is 0.2 ppm (EPA 1973) . The boron content in the sediment sequence increases sharply at the 4-m level (Fig. 7) . This may be a result of possible exposure of borate beds in the catchment by natural erosion ca. 1000 years ago (Kazancı et al. 2006) (Table 5) .
Tank experiment
The aim of the simple tank experiment was to simulate sediment resuspension and removal via an outlet, similar to the situation in Lake Ulubat. There was an obvious sediment-size difference between the medium-size, silt-dominated sediment sequence (Figs. 4 and 7) and the discharge of a high-volume, clay-dominated suspended load into the lake via the MKP River (EIE 2000) . The windy climate may account for this. We hypothesize that wave energy keeps suspended particles in the water column for a long time. This would provide time for the particles to reach the outlet in suspension. Similar results were obtained in previous experiments that used not only finegrained particles, but also plankton (Brander et al. 1993; Reimnitz et al. 1993 ). Dethleff and Kempema (2007) recently showed that fine sediment particles could be resuspended and preferentially incorporated into ice as a consequence of Langmuir circulation. Bachman et al.
(2000) also discuss wave effects on sediment resuspension in shallow lakes.
Our results showed that the amount of clay-size particles in the sediment decreased up to 8-15 % in each experiment, but was never <8% (Table 6 ). The most important variable for resuspension and removal of fine particles was depth of the water column, with the shallowest level (2 cm) providing the largest result. The clay content of the "sorted" deposits in the tank was 8.3% (Table 6 ). Other important variables that influence sediment transport may include the amount of outfow water and the fan speed (i.e. wave energy), but they were not tested, being beyond the scope of this study.
Discussion
Lake Ulubat has received sediments, water, and pollutants from a large drainage basin (SDB), occupied partly by forests, but mostly by farmlands . Possible sources of heavy metals are: a) soil erosion and soil particulates delivered to the lake, b) mining and other industrial activities, c) agricultural practices, and d) waste disposal from large villages and towns (Çelenli 2000; Toprak 2004; Dalkıran et al. 2006) . Concentrations of heavy metals and other pollutants in the lake change with the seasons (EIE 1993), probably due to seasonal tree cutting, ploughing, flooding, storms and mining (Tables 2 and 3; Figs. 3, 5, and 6).
Some heavy metals and the boron content of the sediment sequence of Lake Ulubat were described in detail. Their distributions throughout the sequence are more or less uniform, except for a sharp increase in boron content at the 4-m level (Fig. 7) . Also, the mean grain size of the lacustrine sediment, excluding the intervals 2-2.5 m and 6-6.5 m, remains similar, medium-tofine silt. Organic matter and carbonate content, however, do not show constant concentrations (Figs. 4, 7 and 8) . The heavy metals and grain-size data indicate that source rocks in SDB produced and delivered the particles and elements to the lake as if environmental conditions were stable during the entire time of deposition (Figs. 7-9; Table 5 ). Such a uniform distribution of heavy element in sediment sequence is only possible while mining wastes are source of sediments (i.e. Horowitz et al. 1995; Blake et al. 2007) . A recent study showed that the transport of heavy metals was controlled by the duration of leaching together with element associations in wet to very wet climatic conditions (Liu et al. 2006 ). An abundance of heavy metals in lake sediments could be related to montmorillonite-dominated mineral composition, and sometimes to the discharge of hydrothermal water into the basin (e.g. Bilali et al. 2002) . Besides, the irregular and/or partly cyclic distribution of organic matter and carbonate content in the sediment (Fig. 7) indicates a climatic control on deposition (Shuman 2003) . Historic climate changes in NW Anatolia are mentioned in local and regional literature (Brice 1978; Heim et al. 1997; Eastwood et al. 1999; Roberts et al. 1997; Bottema et al. 2001; Kazancı et al. 2004; Mudie et al. 2007 ).
The unexpected heavy metal distributions in this study are possibly a consequence of hydrological conditions and water movements in Lake Ulubat, which are affected by seasonal winds. Lake Ulubat is a shallow, fresh-water reservoir with a large outlet. Its water level has fluctuated seasonally in response to precipitation and meltwater inputs (Figs. 2 and 3) . On windy days, the water may take on a yellowish-grey color because of high abundance of suspended sediments in the water column ). The downcore, uniform distribution of heavy metals in the sediment is likely related to this sediment resuspension (Bachman et al. 200; Douglas and Rippey 2000) . Strong winds may also explain the dominance of silt in Lake Ulubat sediment (Figs. 4, 8 and 10 ).
Availability of heavy metals from parent rocks and industries Water, sediment, and the ionic load to Lake Ulubat come from the MKP River of the SDB, where the Neogene succession is exposed and some borate and lignite beds have been mined for the last 50 years (Fig. 1) . Ore deposits and mines are the most important element sources for lakewater and sediment (Horowitz et al. 1995; Blake et al. 2007 ). Together with volcaniclastics of the Neogene succession, borate beds and even boron minerals in the SDB account for the abundant heavy metal elements in the lake. For example, analyses of 20 colemanite samples showed that the mean values of Al, Fe, and Ba were 973, 767, 27 ppm, and those of Mn and Cu were 22 and 27 ppb, respectively (Helvacı 1984 (Helvacı , 1986 . The water of the MKP River includes high concentrations of dissolved ions, particularly boron and heavy metal elements (EIE 1996 (EIE , 2003 . Our own analyses support this conclusion ( Table 2 ). The main source of the heavy metals in the Lake Ulubat sediments is thus the borate-bearing Neogene succession. Active mines and other industrial activities have recently caused the amount of heavy metal elements in the lacustrine sediment to increase.
The heavy metal contents in the source rock, the MKP River, lake water, and the modern and older lake sediment are presented in Table 5 . This comparison was made to illustrate the link between heavy metals in the source rocks and their accumulation in lacustrine sediments.
The values indicate that the ratios of heavy metals in the source rocks and the river water is about 1/1.5 -1/18, but 1/1-1/9 from river to lake water ( Fig. 9 ; Table 5 ). The concentration of elements in the modern sediments of the lake is 300-72,000 times greater than their concentration in the lake water. However, their concentrations in older sediments are 1-to 45% less than content in the modern sediments. Overall, our study shows that enrichment of heavy metals in the lake sediment with respect to the source rock is Al: 9x, Fe: 20x, Ba: 9x, Mn: 35, 000x, Cu: 1,815x ( Fig. 9 ; Table 5 ). These are relatively low values given that Lake Ulubat has received a high volume of water and allochthonous sediment since the Late Holocene. The large difference in heavy metal contents between modern and older sediments also requires explanation. We believe it is a consequence of short water residence time in the lake, controlled by water-level oscillations and the large outlet (Figs. 3, 9 and 10).
Hydrology and water residence time in Lake Ulubat Lake Ulubat's water level fluctuates up to 3 m. Maximum stage occurs in late March and lowest levels occur in September, in spite of a control structure on the outlet (EIE 2002) (Fig. 3) . Melt water dictates the stage, as the lake's drainage area is large and mountainous (Fig. 1 ). The large water-level oscillations in this shallow lake (~2 m) are related to changes in the seasonal discharge of the MKP River, together with summer evaporation from the lake surface. Pumping from the lake for irrigation and many groundwater wells in the surrounding area also contributed to low lake level in the summers of the last ten years. Maintaining at least moderate water level fluctuations is vital for the local ecology. The eastern basin is relatively less influenced by wind, due to a high bedrock wall in the south, which limits the wave generation in this subbasin.
Hence, that area of the lake bottom is partly covered by aquatic plants that trap clayey sediments.
Lake Ulubat has a large drainage basin (>10,000 km 2 ), and has received 1.3 x 10 6 tons of sediment annually over the last 30 years from the MKP River. The mean linear sediment accumulation rate in Lake Ulubat has been ~1.6 cm yr -1 for the last 50 years (Kazancı et al. 2004 ). It was expected that such a high sediment input to the lake would have resulted in a higher net sedimentation rate. Large amounts of suspended sediment, however, were probably transported out of the lake via its outlet, which also accounts for the silt-dominated lithology of the lacustrine sequence. This process was simulated by our tank experiments (Table 6 ). Such transport of specific grain sizes by winnowing is not surprising in shallow lakes (Bachman et al. 2000; Douglas and Rippey 2000) . Much of the heavy metal load is probably transported out of the lake with outflow waters and their suspended clayey sediments (Figs. 4, 9, 11) . This discharge process probably explains the high concentrations of heavy metals in the modern sediment of the southern Marmara Sea (e.g. Algan et al. 2004 ).
Deposition of suspended particles from standing water in lakes requires time. Several environmental variables influence the accumulation of elements on the lake bottom, including pH, salinity, ionic composition, water depth, water circulation, temperature, organic and inorganic matter content. The retention time of the water in the basin, however, is critical for element accumulation (Barnes and Barnes 1978; Krauskopf 1979; Langmuir 1997 Using the mean discharge, the lake volume is replaced about every 50 days, or about seven times per year. Such rapid replacement of lake water prevents persistent stratification, or deposition of fine particles and their associated elements in reservoirs (e.g. Mian and Yanful 2004) .
Wind effects on deposition of heavy metals
The physical and chemical features of heavy metals and their behaviours under different conditions are known well (Krauskopf 1979; Langmuir 1997; Last and Smol 2001) .
Concentration and/or distribution of these elements in lakes interact strongly with sediment characteristics such as mineralogy, grain-size, organic matter, carbonate content, acidity, salinity and pH. (Lin and Chen 1998; Boyle 2001; Muller et al. 2001; Wolf et al. 2001; Hoffman et al. 2005 ). Moreover, sediment resuspension and redistribution, along with associated elements, are common in wind-stressed shallow lakes (Bachman et al. 2000; Douglas and Rippey 2000; Mian and Yanful 2004) .). In Lake Ulubat, the sediment sequence displays a uniform heavy metal distribution in spite of the heterogeneity in carbonate and organic matter content (Figs. 4 and 7) .
The last two variables are very sensitive to climatic conditions, and thus reflect past climate changes (Meyers 2003; Shuman 2003) . The uniform element distribution in the sediment sequence is related to the silt-dominated lithology, which is a consequence of sorting of the lacustrine sediment and transport of clay-size particles from the basin via the outflow. The short water residence time in Lake Ulubat contributes to this effective sediment sorting. Winds also play an important role in this process, as they are strong in winter and spring when discharges of water and sediment load into the lake are maximal (Table 5) . Heavy metals are transported out of the lake along with the clay-size particles with which they are associated (Figs. 8 and 10 ). Tank experiments support this interpretation (Table 6 ). Also, high dissolved ion concentrations and the large suspended sediment load of the Kocadere River indicate the important role of the outlet in removing material from the waterbody (Fig. 5) . We conclude that heavy metals have been associated with very fine particles in Lake Ulubat, and were exported from the lake, as suggested in Muller et al. (2001) . The ratios of heavy metals in surface sediments relative to deeper basin fill are about 0.55-0.9x. This decrease in heavy ions in older lake deposits is explained by the resuspension and transport of fine-grain surface sediments. Interactions between the lake water and the surface sediment in Lake Ulubat are mediated by winds (Blom et al. 1992) and are responsible for the heavy metal stratigraphy in the sediment (Fig. 10) .
Conclusions
Lake Ulubat (NW Turkey) is a shallow, freshwater lake in a windy, semi-arid region (Fig. 1) . Its water level fluctuates annually under the influence of wet and dry seasons (Fig. 3) . It receives 1.3
x 10 6 ton yr -1 of suspended sediment from the Mustafakemalpaşa River, which drains a large area containing heavy metals. The mean sedimentation rate over the last ~1,600 years has been 0.37 mm yr -1 , but has increased in the last century to 1.6 cm yr -1 . The lake sediment is silt-dominated even though the lake receives a large suspended sediment load (Fig. 4) . Heavy metals display relatively constant concentrations along the entire lengths of sediment cores (Fig. 7) . Some heavy metal concentrations were tracked from the source area, in river water and in lake water, to their destinations in modern and older lacustrine sediments (Tables 2-5 ). The transfer ratios of heavy elements from one environment to another are reasonable. They do, however, decrease between the modern surface sediments and the underlying deposits (Table 5 , Fig. 9 ). Wind probably accounts for the relation between the silt-dominated lithology and the homogenous distributions of heavy metals within the lacustrine sequence. Wind and/or waves affected the lake surface sediments and cause winnowing of resuspended particles and associated heavy metals from the lake. This interpretation was supported by a tank experiment.
The case study of Lake Ulubat shows that the heavy metal deposition in shallow freshwater lakes is not directly controlled by climate (precipitation and temperature), as the majority of elements disappeared with fine particles just after deposition on the lake bottom. Water residence time in lakes influences grain-size and heavy metal content of sediments. Water depth and fetch, combined with windiness, exert controls on heavy metal deposition. Results obtained here may have application in tracking the fate of pollutants in many drainage basins. The area downstream of a wind-stressed lake might be especially at risk for pollutant contamination.
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Figure Captions
